We compared the efficiency of transduction by an HIV-1-based lentiviral vector to that by a Moloney murine leukemia virus (MLV) retroviral vector, using stringent in vitro assays of primitive, quiescent human hematopoietic progenitor cells. Each construct contained the enhanced green f luorescent protein (GFP) as a reporter gene. ؉ and CD34 ؉ CD38 ؊ cells (13.5 ؎ 2.5%, n ‫؍‬ 11 and 12.2 ؎ 9.7%, n ‫؍‬ 4, respectively). The lentiviral vector is clearly superior to the MLV vector for transduction of quiescent, primitive human hematopoietic progenitor cells and may provide therapeutically useful levels of gene transfer into human hematopoietic stem cells.
Gene therapy using human hematopoietic stem cells (HSC) has great theoretical appeal as an approach to many genetic and acquired diseases affecting the hematopoietic and immune systems. However, progress in the field has been blocked by the fact that levels of gene transfer into human long-term repopulating cells are too low for any likely therapeutic benefit (1) (2) (3) (4) (5) . The reason for the disappointingly low levels of transduction is believed to lie in certain incompatible features of the vectors used and the HSC that they target. Vectors for hematopoietic gene therapy have until now been based on the Moloney murine leukemia virus (MLV) and are thus unable to infect and integrate into nondividing cells (6) . Most HSC are in a quiescent state (7) , are relatively slow to respond to stimulation (8) (9) (10) (11) (12) , and, when induced to divide, tend to lose long-term repopulating capacity (12) (13) (14) (15) (16) (17) . In addition, the relative paucity of viral receptors on the surface of HSC may limit binding of virus and further prevent efficient gene transfer (18, 19) .
Recent incremental improvements in MLV retroviralmediated gene transfer into HSC have been achieved by using gibbon ape leukemia virus (GALV) pseudotypes, ''mobilized bone marrow,'' recombinant fibronectin support, new cytokines (Flt-3 ligand, thrombopoietin), and manipulation of cell cycle kinetics (14, (20) (21) (22) (23) . Combinations of these techniques have resulted in modest, yet significant, increases in gene marking in primate stem cell transplant models. However, higher levels of gene transduction of HSC are likely to be needed for applications to many genetic diseases and AIDS.
Recent reports show that vectors derived from the HIV-1 lentivirus can transduce a variety of nondividing human cells, including neurons, macrophages, hepatocytes, and cardiac myocytes (24) (25) (26) (27) (28) (29) (30) (31) (32) . The nuclear localization signals present in HIV allow entry of virus through the intact nuclear membrane of nondividing cells (33) . Pseudotyping of lentivirus vector with the vesicular stomatitis virus (VSV) envelope G glycoprotein allows virus particles to bind nonspecifically to membrane phospholipid of target cells rather than relying on specific receptor binding (34) . Thus, lentiviral vectors pseudotyped with VSV offer a potential solution to the dual problems of quiescence and low viral receptor expression inherent in transduction of HSC with MLV.
We show that lentiviral vectors, but not MLV vectors, can transduce nondivided hematopoietic progenitors and CD34 ϩ CD38 Ϫ cells in G 0 cell cycle status. Using stringent long-term culture (LTC) and single-cell assays, we show that lentiviral vectors are able to provide efficient, stable transduction in primitive, quiescent human progenitors normally resistant to transduction with MLV.
MATERIALS AND METHODS
Production and Characterization of Vectors. The MLV retroviral vector, MLV-Neo-CMV-GFP (35) , and the lentiviral vector, pHRЈ-CMV-GFP (24, 27), were constructed as described and contained the enhanced green fluorescent protein (GFP; CLONTECH) reporter gene with the internal human cytomegalovirus (CMV) immediate-early promoter. The plasmid pHIT60 (36) was used to express the MLV gag-pol proteins. The plasmid pCMV⌬R8.91 (28) was used to express HIV-1 gag, pol, tat, and rev proteins to package lentiviral vectors without the accessory genes vif, vpu, vpr, and nef. An integration-defective lentiviral vector was generated as described (24, 26) . The plasmid pMD.G (24) was used to
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express the VSV envelope G glycoprotein from the CMV immediate-early promoter. The lentiviral vector, the integrase-defective lentiviral vector, and the MLV vector were all pseudotyped with the VSV envelope (lenti͞VSV, lenti(int Ϫ )͞VSV, and MLV͞VSV, respectively). VSV-pseudotyped vectors were produced by transient three-plasmid transfection as previously described (24) with 2 g of the pMD.G envelope plasmid and 10 g of the various packaging and vector plasmids. Sodium butyrate (Sigma) induction was performed as described (36) . Preparations of VSV-pseudotyped vectors were concentrated by ultracentrifugation (37) . Another MLV vector, MND-GFP-SV40-Neo, was produced in a GALV pseudotype (MLV͞GALV) from the stable packaging cell line PG13 (38) .
Titers of all vector preparations were determined by transducing 293 cells (American Type Culture Collection) with serial dilutions of vector supernatants, followed by fluorescence-activated cell sorting (FACS) analysis 2 days later. Initial titers were 0.5 ϫ 10 6 to 10 ϫ 10 6 infectious units (i.u.)͞ml for the lenti͞VSV, lenti(int Ϫ )͞VSV, MLV͞VSV, and MLV͞ GALV vectors. After ultracentrifugation, the titers of the VSV pseudotyped lentiviral and MLV vectors were 1-15 ϫ 10 8 i.u.͞ml.
All lentiviral vector preparations were tested for the presence of replication-competent retrovirus (RCR) by infection of phytohemagglutinin (PHA)-stimulated human peripheral blood mononuclear cells, followed by culture for 2 weeks and then assay of culture medium for p24 gag by ELISA (Coulter). No vector preparations contained detectable RCR.
Cell Sources and Isolation. Mononuclear cells from fresh bone marrow and umbilical cord blood were obtained as previously described under protocols approved by the Committee on Clinical Investigations (39) . FACS was performed on a FACSVantage [Becton Dickinson Immunocytometry Systems (BDIS)] using LYSYS II software (BDIS). CD34 ϩ CD38 Ϫ cells were defined as previously described (39) . CD34 ϩ cells were defined as either cells with high CD34 expression alone, or in some experiments cells with high CD34 and CD38 expression (CD34 ϩ CD38 ϩ ), as previously described (39) .
Multiparameter Cell Cycle Analysis. CD34 ϩ cells (3.4 ϫ 10 6 ) were transduced in 6 ml of X-vivo 15 (BioWhittaker) containing 0.5 ng͞ml interleukin (IL)-3 and 25 units͞ml Flt-3 ligand in flasks coated with the recombinant fibronectin fragment CH-296 (Takara Shuzo, Otsu, Shiga, Japan). Viral supernatants were added daily to the cells on 3 consecutive days. lenti͞VSV transduction was performed with the supernatant concentration at 1 ϫ 10 7 i.u.͞ml [equivalent multiplicity of infection (moi) ϭ 18] each day. MLV͞GALV transduction was performed with the supernatant concentration at 5 ϫ 10 5 i.u.͞ml (moi ϭ 0.9) each day. Mock-infected (nontransduced) controls were handled exactly the same, but with no vector supernatants added to the CD34 ϩ cells.
Cell cycle activity and transgene expression were analyzed 24 hr after the third addition of virus by employing a modification of a previously described flow cytometric procedure (40) . The revised protocol allows the use of an additional fluorochrome and is hence referred to as five-color SID (surface, intracellular, DNA) staining. Specifically, cells were labeled with anti-CD34-biotin (Coulter), streptavidin-Red613 (GIBCO͞BRL), and anti-CD38-APC (BDIS; APC is allophycocyanin). Cells were then fixed in 0.5% formaldehyde (Polysciences) and permeabilized with 0.1% Triton X-100 (Amersham), Ki-67-PE (Dako; PE is phycoerythrin) was added, and finally 4Ј,6-diamidino-2-phenylindole (DAPI; Molecular Probes) was added (2 M) to stain for DNA content. Analysis was performed on a Becton Dickinson FACSVantage flow cytometer. DNA level was measured by excitation of DAPI from the 350-nm line, PE and Red613 were excited by the 488-nm line, and APC by the 633-nm line. Transduction of primitive cells was detected by the presence of GFP (488-nm laser). The nuclear antigen Ki-67 was used as a marker of cell cycle entry (41, 42) and was used with DAPI to delineate G 0 and G 1 populations and cycling (S, G 2 , M) stages.
Analysis of Transgene Expression in Nondivided Cells. CD34 ϩ cells (1-2 ϫ 10 6 ) were incubated in 2 ml of diluent with the red fluorescent membrane marker PKH26 (final concentration 2 ϫ 10 Ϫ6 M; Sigma) for 1.5 min at room temperature. Then 10% fetal calf serum (FCS; Summit Biotechnology, Fort Collins, CO) was added to block further adsorption of dye and the cells were washed four times. A narrow band of viable PKH26-bright (nondivided) cells was isolated by FACS after overnight culture on CH-296 and immediately transduced once with lenti͞VSV, lenti(int Ϫ )͞VSV, or MLV͞GALV on CH-296 in X-vivo 15 with 2.5 ng͞ml IL-3, 8.25 units͞ml IL-6, and 12.5 ng͞ml Steel factor (SF). After 24 hr, cells were washed twice and incubated in the absence of vector for a further 24 hr on fresh CH-296 in the same culture conditions. A total of 48 hr after transduction, cells were washed and incubated with anti-CD34-APC (BDIS). Cells were analyzed by FACS for simultaneous PKH26, GFP, and CD34 expression. PKH26 fluorescence in nondivided cells remained identical between the first isolation and the time of final analysis. The width of the PKH26 band set for each generation was identical.
Transduction of Hematopoietic Cells Before LTC. Hematopoietic cell transductions were performed in plates coated with CH-296. Transductions carried out in the presence of growth factors (5 ng͞ml IL-3, 16.5 units͞ml IL-6, and 25 ng͞ml SF) were performed with one addition of viral supernatant per day for either 1 day or for 3 consecutive days. As there was no significant difference in the results with the two protocols, the data were grouped together. Transductions carried out in the absence of growth factors were performed with one addition of viral supernatant for 12 hr immediately after isolation. After transduction, cells were placed in LTC for serial analysis.
Analysis of LTCs. CD34 ϩ CD38 Ϫ cells were cultured longterm (approximately 100 days) on irradiated allogeneic human bone marrow stroma in long-term bone marrow culture (LT-BMC) medium (39) . Every 2-3 weeks, nonadherent cells were analyzed by FACS for transgene expression or were plated in methylcellulose medium to measure colony-forming units (CFU) (39) . CFU generated from the LTC were individually analyzed for GFP expression by using a fluorescent microscope, and they were isolated from the methylcellulose and analyzed by polymerase chain reaction (PCR) for detection of vector DNA, as described below.
Clonal Analysis of Transduced Single CD34 ؉ CD38 ؊ Cells. CD34 ϩ cells were transduced with lenti͞VSV, MLV͞VSV, or MLV͞GALV on CH-296 in the presence of IL-3, IL-6, and SF for 1 day. After transduction, cells were washed three times and incubated with anti-CD34-PE (BDIS) and anti-CD38-APC. Single CD34 ϩ CD38 Ϫ cord blood cells were isolated and plated in each well of a 96-well plate by FACS using the automated cell deposition unit (ACDU) device on the FACSVantage and grown on irradiated human stroma in LTBMC medium. Wells were observed every 7 days for the first appearance of clonal proliferation as described (39) . GFP expression of clones was assessed by fluorescence microscopy and also by FACS analysis.
Detection of Vector DNA. The presence of vector sequences in extracted DNA from bulk LTC was determined by using ϩ cells prior to cell division, but it was able to transduce cells after the first, second, and third divisions at progressively increasing levels ( Fig. 2A ). In contrast, both nondivided and divided populations of CD34 ϩ cells transduced with lenti͞VSV expressed GFP at high levels, with nondivided, first, second, and third divisions at 45.5%, 44.8%, 56%, and 77.2% GFP ϩ , respectively (Fig. 2B) .
To determine whether GFP expression indicated integration of lentivirus vector, CD34 ϩ cells were also transduced with lenti(int Ϫ )͞VSV. As shown in Fig. 2C , lenti(int Ϫ )͞VSV resulted in 0.7% GFP expression in nondivided CD34 ϩ cells. In a second experiment (not shown), 38.5% of nondivided cells were GFP ϩ . The average level of GFP expression from the integrase-defective vector was significantly lower than that expressed from the wild-type vector. These results imply that early scoring of transgene expression in lenti͞VSV-transduced cells can detect pseudotransduction and͞or transient expression from nonintegrated vector DNA, and in the absence of other data may not be fully predictive of stable transduction.
To determine the stability of GFP expression from lenti͞ VSV-and lenti(int Ϫ )͞VSV-transduced CD34 ϩ cells, nondivided CD34 ϩ cells were isolated and analyzed after a further 7 days of in vitro culture. Although the nondivided CD34 ϩ cells transduced by lenti͞VSV were originally 45.5% GFP ϩ , expression fell to 3.7% at day 7. GFP was not detected in lenti(int Ϫ )͞ VSV-transduced CD34 ϩ cells after 7 days of culture. Comparable data were obtained in a second experiment.
Transduction of CD34 ؉ Cells by Lentiviral Vectors. Since GFP protein was detectable in CD34 ϩ cells exposed to nonintegrating lentiviral vector, long-term assays were required to evaluate stable integration of lentiviral vectors in human hematopoietic cells. As shown in Fig. 3A , all three vectors (lenti͞VSV, MLV͞GALV, and MLV͞VSV) were able to transduce CD34 ϩ cells, a largely cycling, committed progenitor population, in the presence of growth factors. At 6 days after transduction (in most cases with a single exposure to virus), GFP expression with lenti͞VSV was 24.4 Ϯ 3.7% (n ϭ 11), with MLV͞GALV it was 18.5 Ϯ 7.4% (n ϭ 6), and with MLV͞VSV it was 4.3 Ϯ 1.7% (n ϭ 5) (P ϭ 0.25 for MLV͞ GALV and P ϭ 0.0003 for MLV͞VSV, compared with lenti͞ VSV). The reason for the low efficiency of transduction of CD34 ϩ cells with MLV͞VSV, despite high titers on 293 cells, is unclear but may be inefficient MLV vector processing after endocytosis of the VSV-pseudotyped particle.
Only lenti͞VSV produced relatively stable GFP expression (16.4 Ϯ 2.8%) over 5 weeks of culture. GFP expression from cells transduced by either MLV͞VSV or MLV͞GALV fell to approximately 1% by 5 weeks (P ϭ 0.002 for MLV͞GALV and P ϭ 0.003 for MLV͞VSV, compared with lenti͞VSV). CD34 ϩ cells exposed to lenti(int Ϫ )͞VSV showed no GFP expression in LTC.
Growth factors (e.g., IL-3, IL-6, and SF) are routinely used to induce CD34 ϩ cell cycling to achieve MLV transduction but may also induce differentiation and loss of long-term engrafting capacity (43, 44) . Therefore, we determined whether lentiviral vectors could transduce CD34 ϩ cells in the absence of growth factors with brief (12-hr) exposure to virus. As shown in Fig. 3B , the lentiviral vector, but not the MLV vectors, was able to transduce CD34 ϩ cells in these conditions. At 6 days after transduction, GFP expression with lenti͞VSV was 9.9 Ϯ 1.6% (n ϭ 11), with MLV͞GALV it was 0.6 Ϯ 0.2% (n ϭ 8), and with MLV͞VSV it was 0.2 Ϯ 0.1% (n ϭ 7) (P ϭ 0.0002 for MLV͞GALV and P ϭ 0.0001 for MLV͞VSV, compared with lenti͞VSV). Once again, lenti͞VSV produced stable GFP expression of 13.5 Ϯ 2.5% for 5 weeks of culture, whereas the two MLV vectors produced no long-term expression (P ϭ 0.0004 for either MLV͞GALV or MLV͞VSV, compared with lenti͞VSV).
Transduction of CD34 ؉ CD38 ؊ Cells by Lentiviral Vectors. We next studied lentiviral transduction of CD34 ϩ CD38 Ϫ cells, a more primitive progenitor population almost entirely in G 0 which contains HSC and is relatively resistant to MLV vector transduction (39, 40) . As shown in Fig. 3C , the lentiviral vector was able to efficiently transduce CD34 ϩ CD38 Ϫ cells at levels similar to the level for CD34 ϩ cells, while the MLV vectors produced low to undetectable levels of GFP early in culture. At 30 days after transduction, GFP expression with lenti͞VSV was 15.6 Ϯ 2.7% (n ϭ 7), with MLV͞GALV it was 0.1 Ϯ 0% (n ϭ 4), and with (11, 39, 45) . As shown in Table 1 , the ability of lenti͞VSV to transduce ELTC-IC was confirmed by the presence of GFP To provide the most stringent test of transduction of quiescent cells, CD34 ϩ CD38 Ϫ cells were briefly exposed to virus in the absence of growth factors. As shown in Fig. 3D , only lenti͞VSV (n ϭ 4) was able to transduce CD34 ϩ CD38 Ϫ cells without growth factor stimulation (5 Ϯ 3.5% at 25 days) with persistent GFP expression late in culture (12.2 Ϯ 9.7% at 10 weeks). As expected, both MLV͞GALV (n ϭ 4) and MLV͞ VSV (n ϭ 2) were unable to transduce CD34 
CD38
Ϫ cells were isolated after one exposure to virus and plated in individual wells. New colonies that appeared each week were scored for GFP expression by fluorescent microscopy and FACS analysis. Late-appearing clones (those appearing after 4 weeks in culture) are the equivalent of ELTC-IC (9, 11). As shown in Table 2 , MLV͞GALV was able to transduce 2% (2͞124) of the total cells that formed colonies, all of which appeared within the first 2 weeks (2͞80, or 3%) and thus were generated from early proliferating cells. MLV͞VSV was unable to transduce any of the CD34 ϩ CD38 Ϫ cells. In contrast, lenti͞VSV was able to transduce 29% (83͞285) of the total clones that formed colonies, with comparable transduction efficiencies for early and late-appearing clones. Thus, lenti͞ VSV provided efficient stable transduction of both proliferating and quiescent primitive CD34 
DISCUSSION
A major technical problem revealed in all clinical gene therapy trials using MLV vectors has been the ability of MLV to efficiently transduce mature committed human hematopoietic progenitor cells but not pluripotent long-term repopulating HSC (46) . Transduction of HSC is necessary to achieve enduring production of genetically corrected hematopoietic and lymphoid cells in a clinical setting. The data presented here demonstrate that lentiviral vectors pseudotyped with the VSV envelope are able to transduce a hematopoietic progenitor population qualitatively different from that transduced by MLV retroviruses. Although both MLV and lentiviral vectors efficiently transduced CD34 ϩ progenitors stimulated to divide during transduction, only lentiviruses could transduce more primitive, quiescent progenitors. The most stringent test of this ability was successful transduction of ELTC-IC, a subpopulation of CD34 (25, 30) . These approaches can result in misleading conclusions. Short-term assays of CD34 ϩ cells (e.g., CFU) measure mature progenitors, most of which are cycling and divide rapidly with growth factor stimulation. These cells are readily transduced by MLV vectors, and they have little or no long-term engrafting ability (6, (47) (48) (49) (50) . Although immunophenotypic definitions have been helpful for the enrichment of HSC, populations such as CD34 ϩ CD38 Ϫ cells are functionally heterogeneous, particularly with respect to cytokine responsiveness and their ability to be transduced (11, 51) . By studying CD34 ϩ CD38 Ϫ cells in ELTC, we were able to measure a subpopulation of slowly dividing cells that possess other primitive characteristics expected of HSC, namely tremendous generative capacity (11) and pluripotentiality (45) . It is likely that ELTC-IC are a population similar if not identical to the long-term repopulating CD34 ϩ CD38 Ϫ cells measured by two in vivo assays of human HSC, the beige-nude-xid (bnx) and non-obese-diabetic͞severe combined immune deficient (NOD͞SCID) xenograft models (15, 52) . CD34 ϩ CD38 Ϫ cells that repopulate bnx and NOD͞SCID mice are also highly resistant to transduction with MLV.
A second problem with using short-term assays for the assessment of stable lentiviral transduction is that transient expression can occur from nonintegrated lentiviral vectors. Pseudotransduction, particularly when using VSV pseudotyped vectors, can also result in transient detection of marker protein (37) . This potential for artifact from nonintegrated lentivirus was clearly shown in our studies by short-term transgene expression in up to 38% of nondividing cells with an integrase-defective lentiviral vector, although the average expression level of the transgene was significantly lower than with wild-type vector. The integrase-defective vector was unable to produce stable long-term expression, suggesting that integration and not nuclear localization limits stable transduction of cells prior to cell division. Only integration of vectors into the target cell genome will allow the permanent and enduring clinical benefit desired in clinical trials of HSC gene therapy.
In this report we compared lentivirus with the MLV͞GALV retroviral vector in all assays of transduction, as MLV has long been the gold standard in vector technology for HSC. The moi used for lenti͞VSV was higher than for MLV͞GALV based on titers obtained with short-term assay of 293 cells. CFU arising from LTC at weeks 6-10 were analyzed for GFP expression and vector DNA. In parentheses is the number of GFP ϩ or DNA ϩ CFU͞the total number of CFU. Analysis of GFP expression in clones from single CD34 ϩ CD38 Ϫ cells grown in cobblestone area-forming cell assay. Shown is the number of GFP ϩ colonies͞the total number of colonies (n ϭ 2). ‫,ء‬ P ϭ 0.03; and † , P ϭ 0.04 compared to lenti͞VSV. The finding that CD34 ϩ CD38 Ϫ cells can be transduced even in the absence of growth factor stimulation and after only brief exposure to lentivirus confirmed that lentiviruses can transduce primitive, quiescent progenitors. Currently, several days of ex vivo stimulation are required to induce cycling for successful transduction of progenitors with MLV, after which much of the long-term repopulating ability is lost (12-14, 16, 17) . The ability to transduce HSC without growth factor stimulation and to minimize the time that HSC spend ex vivo has obvious advantages for preservation of stem cell function. Studies analyzing gene transfer into long-term repopulating cells of large animals and using xenograft models to study human long-term repopulating cells will provide further information on the advantages that lentiviruses offer for HSC transduction. Third-generation, self-inactivating HIV-1-based vectors (32) are currently under study with biosafety issues in mind. The findings presented here strongly suggest that lentiviruses may provide the technical leap needed to achieve therapeutic levels of gene transfer into human HSC and justify further intensive investigation into this vector strategy.
